Objective
To explore the hypothesis that oxandrolone may reverse muscle catabolism in cachectic, critically ill pediatric burn patients.
Summary Background Data
Severe burn causes exaggerated muscle protein catabolism, contributing to weakness and delayed healing. Oxandrolone is an anabolic steroid that has been used in cachectic hepatitis and AIDS patients.
Methods
Fourteen severely burned children were enrolled during a 5-month period in a prospective cohort analytic study. There was a prolonged delay in the arrival of these patients to the burn unit for definitive care. This neglect of skin grafting and nutritional support resulted in critically ill children with significant malnutrition. On arrival, all patients underwent excision and skin grafting and received similar clinical care. Subjects were studied 5 to 7 days after admission, and again after 1
week of oxandrolone treatment at 0.1 mg/kg by mouth twice daily or no pharmacologic treatment. Muscle protein kinetics were derived from femoral arterial and venous blood samples and vastus lateralis muscle biopsies during a stable isotope infusion.
Results
Control and oxandrolone subjects were similar in age, weight, and percentage of body surface area burned. Muscle protein net balance decreased in controls and improved in the oxandrolone group. The improvement in the oxandrolone group was associated with increased protein synthesis efficiency. Muscle protein breakdown was unchanged.
Conclusions
In burn victims, oxandrolone improves muscle protein metabolism through enhanced protein synthesis efficiency. These findings suggest the efficacy of oxandrolone in impeding muscle protein catabolism in cachectic, critically injured children.
Severe burns induce marked physiologic derangements in addition to skin injury. These include hypermetabolism with erosion of lean body mass, generalized weakness, altered immune function with increased infectious complications, peripheral insulin resistance, and poor wound healing. [1] [2] [3] [4] [5] [6] Many therapeutic strategies have been used to attenuate the hypermetabolic response, and the few notable successes have improved clinical outcome in burn care. Heating the patient environment to 88°F (30°C) to correspond with the patient's elevated hypothalamic temperature set point has been shown to decrease the metabolic rate. 7 Early excision of burned and dead tissue to stop further inflammatory stimulation has decreased length of stay, incidence of sepsis, and blood loss associated with skin grafting. 8, 9 However, even with these improvements, survivors of severe burn are hypermetabolic for a prolonged period (up to 8 months after burn), 10 with profound muscle wasting, decreased bone mineral density, and (in children) retarded linear growth as negative clinical consequences. [11] [12] [13] To avert hypermetabolism, pharmacologic agents have been used to stimulate growth and increase strength after burn. Recombinant human growth hormone has shown efficacy in improving muscle protein kinetics 14 -17 and wound healing, 18 -20 and also in lowering the death rate in severely burned patients. 21 However, it requires a daily subcutaneous injection and can cause hyperglycemia. 14, 18 Recently, questions have been raised about its safety in adult patients in the intensive care unit setting. 22, 23 Insulin has beneficial results on protein metabolism. At low doses, its action is directed at attenuating protein breakdown, but at higher doses it primarily affects protein synthesis. 24 -26 The potential for precipitating hypoglycemia must be carefully weighed before beginning exogenous insulin treatment in the face of clinical euglycemia. Testosterone can increase protein synthesis, 27 but its use entails risks of virilism and hepatotoxicity.
Oxandrolone, an oral synthetic testosterone analog, has been used in acute and rehabilitating adult burn patients with promising results in terms of weight gain and urinary nitrogen balance. 28, 29 It also has been used successfully in children with Turner syndrome and other constitutional delays in growth, in cachectic alcoholic hepatitis patients, and in patients with AIDS wasting myopathy. 30 -32 Compared with testosterone, it has minimal virilizing activity and little hepatotoxicity. 33, 34 The purpose of our study was to determine whether oxandrolone would affect burn-induced catabolism-in other words, would it improve the net balance of muscle protein synthesis and breakdown-and if so, by what mechanism. As an international tertiary referral center for children with severe burns, we receive many patients who are weeks removed from their injury. These patients arrive without definitive surgical treatment or adequate nutritional support. Burn wound sepsis or chronic eschar colonization is frequent. These children with large (20 -95% total body surface area [TBSA]) burns, chronic infection, and nutritional depletion are critically ill and extremely catabolic on arrival to our burn unit. We chose to study this subpopulation of burn victims because they shared a similar therapeutic indication (depleted nutritional status) with patients who had received oxandrolone in previous studies. 31, 32 
METHODS

Patients
This study was performed under a protocol approved by the University of Texas Medical Branch Institutional Review Board. Informed written consent was obtained from each patient's guardian before study enrollment. Inclusion criteria were as follows: younger than 18 years of age, burns of greater than 20% TBSA, and nutritional depletion based on the clinical findings of the physical examination and below-normal values of serum nutritional indices (albumin, prealbumin, retinol-binding protein, transferrin).
All subjects were admitted to the Shriners Burns Hospital for Children in Galveston, Texas, at least one week after injury. Within 48 hours of admission, each patient underwent total burn wound excision and grafting with autograft skin and allograft. Patients were returned to the operating room when autograft donor sites healed and became available for reharvest (usually 6 -10 days). Sequential staged surgical procedures for repeat excision and grafting were undertaken until the wounds were healed.
Each patient received enteral nutrition by nasoduodenal intubation with Vivonex TEN (Sandoz Nutritional Corp., Minneapolis, MN). The composition of Vivonex is 82% carbohydrate, 15% protein, and 3% fat. Daily caloric intake was given at a rate calculated to deliver 1,500 kcal/m 2 TBSA burned ϩ 1,500 kcal/m 2 TBSA. This feeding regimen was started at admission and continued at a constant rate until the wounds were healed. Caloric intake remained constant throughout the study periods.
Patients were at bed rest after excision and grafting procedures for 5 days. After this, patients ambulated daily until the next excision and grafting procedure. Patients were treated in an identical fashion in terms of mobilization and rehabilitation in both study periods.
Study Design
From February 1999 through July 1999, 14 patients were enrolled in a prospective cohort analytic series. The first seven received oxandrolone treatment, and the next seven served as time controls.
After the first surgical procedure, all patients were studied on postoperative day 5 to determine baseline protein metabolism ( Fig. 1 ). Net phenylalanine balance across the leg and the fractional synthetic rate (FSR) of skeletal muscle protein were measured as main outcome variables. When the donor sites healed at 6 to 10 days, patients were returned to the operating room for another excision and grafting procedure. After the second surgical procedure, patients in the drug treatment group received oxandrolone 0.1 mg/kg Figure 1 . Study design. This study comprised nutritionally depleted children burned over 20% total body surface area who were at least 1 week removed from injury. Burn wounds were totally excised and grafted within 48 hours of admission. After 5 days, a baseline muscle protein kinetic study was done. After the second serial grafting procedure, patients in the control and drug groups underwent a 5-day treatment period and then were studied again.
twice daily for 5 days and control patients received no anabolic agents for 5 days. A second series of protein kinetic studies was performed on postoperative day 5 after the second surgical procedure to determine any differences with oxandrolone treatment or time between the drug and control patients.
Oxandrolone was purchased from BTG Pharmaceuticals (Iselin, NJ). It was administered by mouth to the patients in the drug treatment group if tolerated. Otherwise, the oxandrolone tablet was crushed and suspended in 2 mL ethanol. This suspension was then injected into the nasoduodenal tube, followed by a 20-mL flush of sterile water.
Stable Isotope Infusion Protocol
On postoperative day 5, all patients underwent a 5-hour protein kinetic study ( Fig. 2) . Baseline blood samples were obtained from an indwelling femoral arterial or central venous catheter for background amino acid enrichment and systemic indocyanine green (ICG) concentrations. A primed-constant infusion of L-[ring-2 H 5 ]-phenylalanine (Cambridge Isotopes, Andover, MA) was given through the central venous catheter for 5 hours, using a priming dose of 2 mol/kg followed by 0.08 mol/kg/min. Because phenylalanine is not synthesized or degraded in the peripheral tissues (it is metabolized only in the liver), measurement across the leg reflects the net balance of protein synthesis and breakdown. Vastus lateralis muscle biopsies were taken from the study leg after 2 and 5 hours while the subject was under intravenous conscious sedation with midazolam (Versed; Roche Pharmaceuticals, Nutley, NJ) and propofol (AstraZeneca Pharmaceuticals, Wilmington, DE) and local anesthesia with 1% lidocaine without epinephrine (Abbot Laboratories, Chicago, IL). The muscle biopsies were performed using a Bergstrom needle (Depuy, Chicago, IL) attached to a suction device. Samples were immediately washed with normal saline to remove any blood, blotted dry, and then snap-frozen in liquid nitrogen for storage at -70°C. Between hours 3 and 4, leg blood flow was deter-mined by ICG infusion (infusion rate 0.5 mg/min) into the femoral artery. Blood samples from the femoral and subclavian veins were taken simultaneously every 15 minutes for this determination. Between hours 4 and 5, blood samples were obtained from the femoral artery and vein to determine arteriovenous phenylalanine concentration differences across the leg. After the last muscle biopsy, the stable isotope infusion was stopped. Catheters were left in place for use at the next excision and grafting procedure.
Analysis of Samples
Blood
The blood concentration of unlabeled phenylalanine and the enrichment of its isotopic counterpart were simultaneously determined by gas chromatography-mass spectrometry using the internal standard approach and the nitrogen-acetyl-n-propyl esters, as previously described. 35 Briefly, 2 mL whole blood was immediately mixed with 200 L internal standard containing 29.7 mol/L [ 13 C 6 ] phenylalanine. The samples were deproteinized with sulfosalicylic acid and centrifuged, and the supernatant was processed to form nitrogen-acetyl-n-propyl esters. The isotopic enrichment of free amino acids in blood was determined on an HP Model 5989 (Hewlett-Packard Co., Palo Alto, CA) by chemical ionization and selected ion monitoring at massto-charge ratios of 250.1, 255.1, and 256.1. 36 Finally, ICG concentrations were determined spectrophotometrically at ϭ805 nm on a Spectronic 1001 (Bausch & Lomb, Rochester, NY).
Muscle
Tissue biopsies of the vastus lateralis were immediately blotted and frozen in liquid nitrogen. Samples were then stored at -70°C until processed. Each tissue sample was weighed and protein was precipitated with a 5% perchloric acid solution. In this process, an internal standard containing 5.9 mol/L [ 13 C 6 ] phenylalanine was added and thoroughly mixed. The tissues were then homogenized and centrifuged, and the supernatant fluid was processed as described for the plasma samples above. The pellet of protein precipitate was washed twice with 10 mL 2% perchloric acid followed by a series of washes (twice with absolute ethanol, once with ether) to eliminate free amino acids and lipids. After these tissue samples were dried in an oven at 50°C overnight, the dry weight of tissues was measured and total water content was obtained from the difference between weight of the wet and the dried sample. The protein precipitate was hydrolyzed at 110°C for 36 hours in constant boiling hydrochloric acid. N-heptafluorobutyryl-npropylester derivatives were formed and dissolved in a final volume of 100 L ethyl acetate. One-microliter aliquots were assayed in triplicate on a VG 12-250 gas chromatography/mass spectrometry system (Fisons, East Grinstead, England) using 15 m ϫ 0.32 mm DB5-MS capillary column. Enrichments Five-hour isotope infusion protocol. Beginning between 5 and 7 AM, subjects in the continuously fed state were infused with a prime-constant d 5 -phenylalanine isotope. Indocyanine green dye concentration was measured between hours 3 and 4 to determine leg blood flow. Femoral arteriovenous sampling during the fifth hour measured cross-leg phenylalanine balance. Muscle biopsies were performed at 2 and 5 hours while subjects were under intravenous conscious sedation.
were determined by comparing the measured M ϩ 5/M ϩ 3 isotopomer ratio of samples to a set of 13 C 6 -phenylalanine isotope dilution calibration standards.
Plasma Amino Acid Concentrations
Arterial and venous amino acid concentrations were determined in heparinized plasma at 4 and 5 hours of the isotope infusion study. Amino acid concentrations were determined by high-performance liquid chromatography. 37
Clinical Chemistry
On the morning of both the baseline and treatment studies, 13 mL whole blood was drawn from the patient and sent for a liver function panel, a nutrition panel, and coagulation times. The liver panel and nutrition panels were sent in nonheparinized tubes and centrifuged at 2,500 rpm for 10 minutes. The serum fraction was analyzed on a Kodak Ektachem 400 (Eastman Kodak, Billerica, MA) for the liver panel and on a Behring Nepholometer 100 (Roche Diagnostics, Indianapolis, IN) for the prealbumin, transferrin, and retinol-binding protein levels. The coagulation panel was sent in a citrated blood tube and centrifuged at 4,000 rpm for 10 minutes to separate the plasma fraction. This was analyzed on an ACL #100 automated coagulation system (Beckman Coulter, Fullerton, CA) to determine prothrombin time.
Energy Expenditure
Energy expenditure was measured by indirect calorimetry. Between 2 and 5 AM on the day of study in both the baseline and treatment periods, CO 2 production, O 2 uptake, respiratory quotient, and resting energy expenditure were measured with a standard metabolic cart (Sensormedics Model 2900, Yorba Linda, CA). Values were accepted when they were at a steady state for 5 minutes and their standard deviations were less than 10% of their respective measures.
Calculations
Leg Blood Flow
Leg blood flow was determined from the following modification of Fick's equation:
where C F is the femoral venous concentration of ICG and C C is the central venous concentration of ICG. The infusion rate was known (0.5 mg/min), so the equation was solved for leg blood flow (BF). For protein kinetic calculations, BF was normalized for each patient by dividing by the patient's leg volume. In the rest of this article, units of BF will be mL/min/100-mL leg.
Kinetic Model
Leg amino acid kinetics were calculated according to a three-compartment model, as previously described. 38 The three-compartment model parameters were calculated as follows:
where C A and C V are the blood free amino acid concentrations of the femoral artery and vein, respectively; E A , E V , and E M are amino acid enrichments (tracer/tracee ratio) in the femoral artery, vein, and the free intracellular muscle pool, respectively; and BF is leg blood flow in mL/min/ 100-mL leg.
Fractional Synthetic Rate of Muscle Protein
The skeletal muscle FSR was calculated from the determination of the rate of d 5 -labeled phenylalanine incorporation into the protein and the enrichment of the intracellular pool as the precursor by the following equation 39 :
where E B1 and E B2 are the fractions of the d5-tagged phenylalanine that have been bound into muscle protein at time points 1 (2 hours) and 2 (5 hours) respectively, and t is the exact time in minutes between the sampling points.
Statistical Analysis
Data are presented as means Ϯ standard error. Paired t tests were used to compare baseline and treatment data within each group. Comparisons between the oxandrolone and time control treatment periods were made by unpaired t tests. P Ͻ .05 was considered statistically significant. Table 1 . The seven control and seven oxandrolone patients were similar in age, sex, weight, percentage TBSA burned, and percentage of third-degree burns. Both groups had delayed presentation to our burn unit of approximately 4 to 6 weeks after injury. All subjects arrived with open burn wounds that had not received definitive surgical treatment (excision of burn and split-thickness skin grafting). The baseline and treatment stable isotope studies were performed at the same times relative to injury in both groups.
RESULTS
Patient characteristics are listed in
Nutritional Evaluation
Nutritional data and energy expenditure are listed in Table 2 . These patients all appeared malnourished, with low body weight in relation to height, temporalis muscle wasting, and exaggerated skeletal prominences. All of them arrived with low albumin, prealbumin, and retinol-binding protein levels. The prealbumin levels in the oxandrolone group were lower than those in the control group, but both groups were profoundly low. After 1 week of continuous enteral feeding, the caloric and protein intakes were the same in both groups, and the levels of the nutritional indices increased. These values were still far below normal, however, and the oxandrolone group was still lower than the control group.
During the second week (the treatment time period), dietary intake was again isocaloric and isonitrogenous. At the time of the treatment studies, all nutritional indices had again improved, but they were still below normal. Prealbumin and retinol-binding protein levels were lower in the oxandrolone group. The oxandrolone and control patients showed the same degree of improvement over time, however.
Energy Expenditure
All subjects were hypermetabolic as measured by indirect calorimetry. In each patient, the resting energy expenditure was above the predicted basal metabolic rate from the Harris-Benedict equation. There were no differences between groups or at different time periods.
Protein Kinetics
Model-derived values are listed in Table 3 . Oxandrolone administration significantly increased muscle protein net balance from baseline and from time-matched control patients (P Ͻ .01 vs. baseline and P Ͻ .05 vs. time control, Fig. 3 ). This improvement was due to an increased rate of protein synthesis (P Ͻ .05). Protein breakdown was unchanged from baseline levels. The inward transport of amino acids from blood into muscle cells was unchanged by oxandrolone administration. However, the protein synthesis efficiency (the fraction of the available intracellular pool of amino acids directed toward synthesis) was increased compared with baseline and with time control (P Ͻ .05). The FSR, as calculated by direct incorporation of labeled phenylalanine into skeletal muscle protein, independently confirmed the increase in protein synthesis after oxandrolone administration compared with baseline and time control (P Ͻ .05).
Clinical Factors
No hirsutism, acne, or behavior changes were noted in boys or girls receiving oxandrolone. Results of liver function tests are listed in Table 4 . There were no differences between the groups. No patient developed clinically significant hepatic dysfunction.
There were no deaths. One patient in each group appeared septic for a portion of the hospital course. The septic oxandrolone patient arrived with frank burn wound sepsis (diagnosed by hemodynamic and other clinical parameters consistent with sepsis syndrome, Staphylococcus bacteremia, and wound tissue counts of Ͼ10 6 Staphylococcus aureus). She was treated with immediate, total excision of her 95% TBSA burn wound and systemic antibiotics. Her clinical sepsis resolved 3 weeks later while receiving oxandrolone. The septic patient in the control group arrived critically ill, with hyperthermia, hypoxemia, a hyperdynamic circulation, bilateral tube thoracostomies, and clinical and x-ray indications of a left-sided pneumonia. A panresistant Pseudomonas species was cultured from his blood and sputum. After immediate total excision of his burn wound and 2 weeks of systemic antibiotic therapy, his clinical sepsis resolved.
DISCUSSION
In burn-induced catabolism, protein breakdown is accelerated and protein synthesis is decreased-thus, breakdown outweighs synthesis and the net balance is negative. For the first time in burn patients, we applied stable isotope methodology to show that oxandrolone alters this balance by increasing the synthetic component of this two-sided equation. Of 14 severely burned, nutritionally depleted children who underwent delayed definitive surgical treatment, 7 received oxandrolone (0.1 mg/kg by mouth twice daily) and exhibited increased efficiency of protein synthesis within muscle cells.
We enrolled 7 burned boys and 7 burned girls into this study. On admission, these children all appeared emaciated and had laboratory values consistent with nutritional depletion. All had below-normal levels of albumin, prealbumin, retinol-binding protein, and transferrin. Despite our best care with aggressive nutritional support and early definitive surgical treatment, after 1 week all patients still had belownormal values of all measured nutritional indices. Even after a second week of hospital care with continuous enteral feedings, all subjects were still well below normal in their nutritional indices. We view this as a testament to the difficulty of nutritional and general clinical support of these children. It is certain that the referring hospitals and physicians did not intentionally underfeed or starve any of these patients. Rather, we believe that nutritional support of severely burned children is a difficult task, with no dramatic effects on hypermetabolism.
The effects of enteral nutrition on the hypermetabolic state associated with severe burn are controversial. In the early 1980s, the results of several well-controlled small animal studies suggested that prompt (Ͻ1 hour after burn) institution of enteral feeding attenuated the hypermetabolic response and its attendant clinical complications (protein catabolism, erosion of body mass, disturbed gut mucosal integrity). 40 -42 The conclusion that early, aggressive enteral nutritional support decreased hypermetabolism and improved clinical outcome was readily extrapolated by burn and trauma surgeons to their injured patients. Today, the impression of these studies persists in the therapeutic philosophies of many surgeons. Unfortunately, no human trial has ever documented such an alteration in the metabolic response to burn with early, aggressive enteral feeding. The nutritionally depleted, burned children described here did not experience a decrease in their postburn resting energy expenditure despite aggressive enteral nutritional support. Our feeding regimen was successful in delivering a highcalorie and high-protein intake and in improving overall nutritional status, as shown by the increased nutritional indices.
All of these patients arrived with intact burn eschar. In a recent examination of our patient population and clinical burn practice, we found that a delay in definitive surgical therapy (complete burn wound excision and split-thickness skin grafting) correlated with a greater degree of catabolism by linear regression analysis (unpublished data). Relative to all of our previously reported series of burn patients, the patients in this study were more catabolic at baseline.
To improve the protein kinetic state in the emaciated burned children described here, we chose to test the effects of the anabolic steroid oxandrolone. In a recent prospective randomized trial that involved recuperating, severely burned adults, Demling and DeSanti 28 reported that this oral anabolic agent improved weight gain and also a nonquantified measure of muscle function in seven rehabilitating severely burned adults compared with six similar rehabilitating control patients. Although that study was prospective and randomized, the outcome measures were not definitive. Net weight change is affected by many clinical factors (importantly, hydration and fluid shifts) and thus is generally regarded as a poor indicator of true anabolism or catabolism. The reported improvement in muscle function in that study was based on the subjective, nonquantified evaluation by a nonmasked physical therapist. Another trial by the same author was published last year and showed a decrease in weight loss and urinary nitrogen loss and also a shortened wound healing time in 16 severely burned adults treated with oxandrolone during their acute hospital stay, compared retrospectively with a historical cohort of 24 less severely burned subjects. 29 To discern both efficacy and cellular-level mechanism of improvement in a controlled clinical trial, we used an isotopic technique that enables quantification of the effect of oxandrolone on muscle protein and amino acid kinetics. Our results showed that oxandrolone stimulated muscle protein synthesis.
The amino acid precursors needed for enhanced muscle protein synthesis can come from either the blood or the process of muscle protein breakdown. Muscle protein synthesis efficiency can be considered the effectiveness of incorporation of the amino acid precursors from either source into protein. In the current study, oxandrolone did not alter inward transport, but it did cause an increase in protein synthesis efficiency. Oxandrolone treatment enhanced the reuse of free intracellular amino acids supplied from protein breakdown. Thus, protein synthesis was increased while protein breakdown was unaltered, thereby improving the net balance of muscle protein metabolism to a value that was statistically not different than zero. The FSR of protein in muscle is determined by the net accumulation of labeled phenylalanine over time. This parameter is independent from the values derived from the three-compartment model calculations in that the threecompartment model does not rely on tissue incorporation data. In this study, there was a twofold increase in the FSR in patients receiving oxandrolone. This supports the notion that the mechanism for the improved net balance was due to a stimulation of muscle protein synthesis.
The stable isotope methodology and the three-compartment model used in this study allow delineation of physiologic fluxes of amino acids at the tissue and intracellular levels. The measured increases in our main outcome measures, net protein balance and FSR of muscle protein, corroborate with the positive clinical outcomes already reported by Demling. 28, 29 By documenting oxandrolone's efficacy and by delineating its physiologic mechanism of action in burn-induced catabolism, this study validates those clinical findings.
We found no serious adverse effects associated with oxandrolone treatment. Prothrombin times were normal during drug treatment. There were no differences in the rest of the liver function panels between oxandrolone and control patients. No patient progressed to clinically significant liver dysfunction. No induced hirsutism or other androgenic effects were noted. Finally, there were no differences in the incidence of sepsis or death between groups.
These protein kinetic results, coupled with the report of general clinical improvement by Demling, 28,29 strongly suggest that oxandrolone is an excellent choice for metabolic support of burn victims. In these three series, oxandrolone has improved outcome measures beyond what was possible in control patients already receiving optimal clinical burn treatment. Further, in addition to being safe, oxandrolone therapy is also inexpensive: its cost is only 10% of a comparable anabolic dose of recombinant human growth hormone. 29 Although we did select a specific subset of burn victims for this trial-nutritionally depleted, critically ill burned children in whom definitive surgical treatment had been delayed-these results should be applicable to a much wider spectrum of ill, catabolic patients. The results of a recent study by Sheffield-Moore et al 43 showed the same mechanism of action (improvement in muscle protein synthesis efficiency) in normal, nonburned, young adults. With efficacy and mechanism of action consistent in these two disparate groups, we propose that many other patients could benefit from this anabolic agent if they are suffering the complications of catabolism. Patients with pancreatitis, short-gut syndrome, or other types of severe trauma should be able to benefit from oxandrolone therapy.
In conclusion, we have shown that oxandrolone improves muscle protein kinetics in severely burned children. The mechanism by which this occurs is enhancement of muscle protein synthesis efficiency. This is a safe, inexpensive, and easily administered anabolic agent, and it is likely that it could benefit a wide range of surgical and medical patients.
